Coastal watersheds of the NW Iberian Peninsula have undergone increases in population densities and urbani-zation over the past decades. However, the eff ect of altered nutrient inputs to estuarine Zostera noltei ecosystems associated to these anthropogenic pressures remains largely unknown. Eleven Zostera noltei meadows located in the NW Iberian Peninsula were studied to assess the relationship between the anthropogenic pressure over coastal watersheds and the nitrogen and carbon isotopic signatures of Z. noltei meadows. Anthropogenic pressure on the watersheds was estimated from human population data and land cover classes. Carbon and nitrogen stable isotopic analyses were performed on Z. noltei leaves and in the sediments surrounding the rhizospheres. Our results indicate that the N and C isotopic signatures of Z. noltei meadows from the NW Iberian Peninsula reflect the impact of anthropogenic pressures. Nevertheless, these relationships are complex due to several processes acting simultaneously altering the expected isotopic responses.
Introduction
One quarter of the world population settles in a 100 km strip of coast (Parry et al., 2007) , causing the transformation of large areas of natural land into artificial land, (i.e. urban fabric, industrial, commer-cial and transport units, mine, dump and construction sites and artifi-cial non-agricultural vegetated areas, https://www.eea.europa.eu/ publications/COR0-landcover), causing negative eff ects on coastal ecosystems (Mantas et al., 2016) .
Human settlements are also known to generate increases in reactive nitrogen through stimulation of biological fixation in agriculture (Howarth, 2008) , manufacture of synthetic fertilizers, fossil fuel burning (Galloway et al., 2004 ) and sewage inputs (Rabalais et al., 2009) . Estimations showed that ca. 70% of the nitrogen entering coastal ecosystems comes from the ocean, 22% from land, and 8% from the atmosphere, this contributions varying depending on the geographical location (Wollast, 1993) . Enhanced nitrogen inputs into estuarine ecosystems would, thereby, derive in excessive fertilization of the water column potentially leading to eutrophication processes (Brun et al., 2003; Neto et al., 2008; Sánchez-Lizaso et al., 2015) .
Seagrass meadows are valuable aquatic ecosystems as they off er goods and services for human wellbeing. They store atmospheric CO2, sustain the basis of trophic webs, provide food sources for human local anthropogenic nitrogen derived from wastewater reach the rias (Viana and Bode, 2013) . Therefore, determining the relative importance of the anthropogenic nitrogen inputs towards the Z. noltei meadows in the Galician coast is of interest to assess eutrophication events and to en-hance their preservation.
Analyses of carbon and nitrogen isotopes have been recognized as feasible tools to trace anthropogenic nitrogen and terrestrial organic matter inputs into coastal ecosystems, off ering valuable information before eutrophication eff ects appear (Craig, 1953; Heaton, 1986; Costanzo et al., 2001; Fry, 2006; Kendall et al., 2007; Michener and Kaufman, 2007; Roca et al., 2016) . Indeed, the relationship between increases in human population density and artificial land cover and nitrogen isotopic values of sediments and primary producers has been previously shown in continental water bodies and in estuarine ecosystems (Cabaço et al., 2008; McIver et al., 2015; Watson et al., 2018) .
Nevertheless, there is a lack of studies relating the N isotopic sig-nature in Zostera noltei seagrass meadows with land cover. The CORINE land cover database allows describing and quantifying land surfaces in watersheds and can off er valuable information about potential an-thropogenic nutrient sources towards estuarine habitats.
This study joins a detailed analysis of human population data and CORINE land cover data with isotopic indicators of anthropogenic nu-trient loads to Z. noltei meadows at NW Iberian Peninsula with the aim to 1) investigate the relationship between the nitrogen and carbon isotopic values of the Z. noltei meadows and the patterns of anthro-pogenic pressure estimated at several coastal watersheds located at NW Iberian Peninsula, 2) assess the existence of diff erences in the responses of sediment and Z. noltei isotopic signatures in diff erent scenarios of anthropogenic pressure and 3) explore the processes responsible for the isotopic values found in the Z. noltei meadows.
Materials and methods

Study sites
Estuarine complexes of the NW Iberian Peninsula characterized by the presence of Z. noltei meadows were selected through in situ surveys and bibliographical search (Cacabelos et al., 2015b) , as to represent a wide range of potential anthropogenic pressures in the region (Fig. 1). 
Land cover and human population
Geographic layers available at the Spanish geographic institute (www.ign.es) were used for the delimitation of watersheds. Layers corresponding to the sampling stations in the Z. noltei meadows and to the rivers and the hydrographical watersheds were overlapped using the geographic information analysis free software (gvSIG 2.3). Watersheds draining rivers discharging in the studied Z. noltei meadows were selected, obtaining watersheds with areas ranging from 870 to 49000 ha ( Fig. 1) . Land cover and human population were assessed on each selected watershed representing potentially diff erent degrees of anthropogenic pressure.
Land cover
The areas of each land cover class for the period 1990-2012 were analysed for the selected watersheds. CORINE Land Cover data for 1990, 2000, 2006 and 2012 was obtained from the Spanish geographic institute web site (www.ign.es). Default categories of land cover pre-viously codified by the Environment European agency (EEA) were ar-ranged in broader groups (Table 1) .
Anomalies in the CORINE land cover classification that lead to underestimations and/or overestimations of land cover classification have been detected in other studies (Catalá-Mateo et al., 2008; Barreira-González et al., 2012; Díaz-Pacheco and Gutiérrez, 2013) . Conse-quently, land cover classification was revised through comparison with present and past orthophotographs, re-codifying the land cover poly-gons when needed according to the methodological guides published by the EEA (http://www.eea.europa.eu/).
Human population data
A geographical layer of municipalities was overlapped over the se-lected watersheds in order to select those population entities corre-sponding to the watersheds.
In most of the study sites, the areas covered by municipalities and watersheds were nearly equal (See Fig. 2 ). In the selected munici-palities, human population and dwelling abundances were compiled.
Population and dwellings were obtained from the web site (www. ine.es) and catalogues provided by the National Statistics Institute.
Sample collection
Sampling was performed from the last week of October to the last week of November 2015, to reduce the eff ect of seasonality. Sampling was conducted at low spring tides, when meadows were emerged. At the Z. noltei meadows of Neda (N), Cabanas (Cb), Betanzos (B), Camariñas (Cn), Rianxo (Ri), O Grove (G), Río Maior (RM) and Arcade (A), two sampling stations were established, provided that they were accessible on foot. The closer the sampling station to the sources, the more representative are the δ 15 N values of source nutrients (Schubert et al., 2013) . So, keeping the distance from the river outfalls constant in the sampling design would improve the reliability of δ 15 N results. Un-fortunately, the selection of sampling station in this study was condi-tioned by their accessibility, so each sampling station showed diff erent relative distances to the river outfall and to the shore.
At each sampling station, three 40 cm 2 sampling quadrats were thrown randomly, resulting in six quadrats per seagrass meadow. The surface covered by the quadrats comprised the Z. noltei plants (leaves, roots and rhizomes) and the sediment under their canopy. Samples of Z. noltei and the surrounding sediment were drawn by pushing manually the quadrats against the sediment. A shovel was used to dig down until all the below ground biomass of the plant (roots and rhizomes) could be extracted. Samples were put into plastic bags, taken to the laboratory and stored in a refrigerator at 4 °C until further processing.
Results from Caldebarcos (C), Lourizán (L) and A Ramallosa (Ra) were obtained from previous samplings in September, December and April 2014, respectively. At Caldebarcos and Lourizán, Z. noltei and sediment samples had been collected without the quadrats, and only the above-ground biomass (leaves) had been gathered, so biomass data was not available for these two places.
Analytical methods
Sediments were stored in a drying oven at 60 °C until constant weight was achieved. Percentages of organic matter were obtained by weighting 5 g subsamples, before and after calcination at 450 °C during 6 h. The relative content of organic matter was estimated as the dif-ference between the initial and final weights.
Z. noltei plants were cleaned with distilled water, and above ground biomass was separated from below ground biomass. The epiphytic material was cleaned by carefully scraping the leaves with the edge of a microscope glass slide to avoid leaf breakage. Leaves were rinsed with distilled water. Above and below ground biomasses were measured after storing them in a drying oven at 60 °C until constant weight.
Once samples were dried, sediment and Z. noltei leaves were grinded in a ball mill, sieved through a 100 μm mesh and deposited in plastic scintillation vials. Inorganic carbon present in the sediment was re-moved by exposure of the samples to HCl 37% vapours (Filgueira and Castro, 2011) . A plastic mesh was placed into a plastic container, leaving a 5 cm free space between the bottom and the mesh. Then HCl 37% was added into the bottom of the container and the vials without their caps were put on the mesh, thus enhancing the vapours to enter the vials and remove the calcium carbonate present in the samples. Samples were kept for 72 h inside the container. Thereafter they were put in an extractor hood for 30 min to ease volatilization of the acid and then, dried in an oven at 60 °C during 48 h. δ 15 N, δ 13 C and C:N ratios in sediments and Z. noltei samples were determined through isotopic ratio mass spectrometry (IRMS). IRMS was performed in the facilities of the research support service of A Coruña University (SAI) using an IRMS elemental analyser FlashEA1112 (ThermoFinnigan) coupled with an Interface Conflo II (ThermoFinnigan) to an isotopic ratio mass spectrometer Deltaplus (ThermoFinnigan). In each analytical sequence secondary standards used for δ N results were expressed in per mille (‰) notation relative to the international standards VPDB (Vienna Pee Dee Belemnite) and atmo-spheric air (Sulzman, 2007) .
Statistical methods
A hierarchical cluster analysis was performed with the standardized anthropogenic pressure variables to establish levels of anthropogenic pressure in the watersheds. Variables included in the analysis were those that exerted an a priori higher eff ect on nutrient loads towards estuarine areas: Total population, watershed size, artificial land and agricultural land coverages (Handler et al., 2006; Rothenberger et al., 2009; Darrow et al., 2017) .
Since total population and watershed size were strongly correlated (Spearman correlation coefficient: ρ = 0.81, p < 0.05), watershed size was excluded from analyses in order to avoid redundancy in the sta-tistical outputs.
Linear regressions were performed to assess the relationships be-tween drivers of anthropogenic pressure (Artificial land cover, agri-cultural land cover and total population) and the δ 13 C and δ 15 N sig-natures of sediments and Z. noltei leaves. All anthropogenic pressure variables were correlated. Artificial land was significantly correlated with total population (Spearman correla-tion coefficient ρ = 0.306, p < 0.05) and with agricultural land (ρ = 0.675, p < 0.0001). Also, agricultural land was correlated with total population (ρ = 0.269, p < 0.05).
Consequently, linear regressions were calculated with each anthropogenic pressure variable as a sole predictor. Determination coef-ficients of regressions with diff erent predictor variables were compared, and those regressions that showed the highest explained variance were chosen.
Kolmogorov-Smirnov tests and Levene tests were applied to the data set to test normality and homoscedasticity, respectively, of the C:N ratios, isotopic signatures and the Z. noltei biomasses. Normality and homoscedasticity assumptions were not obeyed after performing all the possible data transformations to the variables δ Diff erences in C:N, δ 13 C and δ 15 N in sediment, and in Z. noltei biomass and C:N in Z. noltei among the diff erent groups of anthro-pogenic pressure were calculated through Student t-tests. Diff erences among these groups for the rest of the variables were determined by non-parametric Mann-Whitney tests.
Results
Human population and land cover in the watersheds
Watersheds located in the southern part of the region (A Ramallosa, Arcade, Lourizán) were more populated than those located at the northern part (Rianxo, Caldebarcos, Camariñas, Cabanas, Neda). In general, larger watersheds showed higher human population values (Fig. 2) .
Land cover data corresponding to 2012 showed that the artificial land area was higher in the southern watersheds, accounting for more than 10% of the territory, particularly in O Grove (G) and A Ramallosa (Ra) (11.9% and 10.7% of the watersheds, respectively). Northern watersheds showed a lower contribution of artificial land, except in Cabanas (Cb, Fig. 2 ), where this class accounted for 7.0% of the terri-tory due to the presence of a large thermal power plant and an artificial lake, formerly a lignite mine.
All the watersheds showed important agricultural land coverage. This land cover class accounted from the highest value estimated for O Grove (G) (49.7%) and the lowest in Caldebarcos (Cl) and Camariñas (Cn) (13.2% and 3.0%, respectively) (Fig. 2) .
Artificial and agricultural land and total population were correlated, so the distribution of their magnitude within the studied watersheds showed similar trends (Fig. 2) .
Watershed classification
The studied watersheds were classified according to total popula-tion, artificial and agricultural land covers, as indicators of the intensity of anthropogenic nitrogen loadings. Two groups of watersheds were defined from the calculation of the Euclidean distance as a metric of similarity among watersheds (Fig. 3) .
The group characterized by a low anthropogenic pressure was formed by Neda, Betanzos, Camariñas, Caldebarcos, Rianxo and Arcade, with the lower values of human population, and also minimum values of agricultural and artificial land cover. The group formed by Cabanas, Lourizán, O Grove, Río Maior and A Ramallosa showed the highest anthropogenic pressure, as they showed higher population va-lues, and higher artificial and agricultural land cover. The case of Cabanas was somewhat particular due to the comparatively high arti-ficial land coverage with respect to population abundance, for the reasons described above. 
Organic matter, biomass and C:N ratio in surface sediments and Z. noltei
The lowest relative contribution of organic matter to the total weight of the sediment (Fig. 4) was measured in Betanzos (B) (1.5 ± 0.2%) and the highest in A Ramallosa (Ra) meadow (10 ± 0.4%).
The lowest values of Z. noltei biomass (Fig. 4) were also found in Betanzos (26 ± 9 g m −2 ) and the highest in Cabanas (Cb) (266 ± 90 g m −2 ). A statistically significant relationship was found between the per-centage of organic matter in the sediment and the total biomass of Z. noltei (Spearman correlation coefficient ρ = 0.45, p < 0.001).
The C:N ratios measured in the sediments of the study sites varied from the maximum value found in Arcade (A) (11 ± 1) to the minimum of 8 ± 1 found in Rianxo (Ri). C:N ratios in Z. noltei leaves ranged from 10.2 ± 0.1 in Río Maior (RM) to 14.9 ± 0.9 in Caldebarcos (Cl) (Fig. 4). 3.4. δ 13 C and δ 15 N in surface sediment and Z. noltei The δ 13 C values measured in sediments from Betanzos (B, −11 ± 4‰), Caldebarcos (Cl, −11 ± 2‰) and O Grove (G, −9 ± 4‰) indicated an incomplete removal of inorganic carbon by the acidification procedure performed. Therefore, the δ 13 C signatures and the C:N ratios in sediments from these three meadows were not included in the analysis.
The δ 15 N ratios in sediments and Z. noltei were strongly correlated (Spearman correlation coefficient ρ = 0.75, p < 0.0001). Also, δ 15 N values measured in both compartments were within the reference ranges of fertilizers and sewage sources (Fig. 5) . Overall, the range in sediment δ 15 N values was rather small (be-tween 4.6 ± 0.2 to 5.9 ± 0.2‰), whereas δ 13 C in sediments ranged from the highest value of −19.6 ± 0.6‰ in Neda to the lowest in A Ramallosa (−24.9 ± 0.3‰).
Two well diff erentiated groups of study sites were identified from the isotopic signatures measured in Z. noltei leaves. A first group, formed by most of the study sites, showed rather similar δ respectively, than in the meadows characterized by a low an-thropogenic pressure (Fig. 6) . No diff erences were found in total, above and below ground biomass of Z. noltei between the two groups.
3.5. Relationships between anthropogenic pressure variables in the watersheds and δ 13 C and δ 15 N in the Z. noltei meadows Linear regressions were performed to estimate the percentage of the total variance of the C and N isotopic signatures explained by the variables related to anthropogenic pressures. The results showed that, artificial land explained 38% of the variance of δ 13 C in the sediment, whereas agricultural land explained 34% of the variance in δ 13 C from Z. noltei.
Artificial land cover explained 23% of the variability of the δ 15 N in sediments, whereas total population explained 49% of the variability of the δ 15 N in Z. noltei (Table 2) . As expected, increases in artificial land led to higher sediment δ 15 N values and to lower sediment δ 13 C. However, the results indicate that increases of total population led to decreases in δ 15 N in Z. noltei leaves.
Increases in agricultural land led to increases in δ 13 C in Z. noltei. Vehicle NOx = From −13 to 2 (Heaton, 1990) , ferti-lizer = From −6 to 7, sewage and manure = From 8 to 22 (Heaton, 1986) .
Discussion
The results presented in this study show that the relationship be-tween anthropogenic pressure in NW Iberian coastal ecosystems-as defined by artificial and agricultural land cover and total human po-pulation in the . Box-plots of C:N mass ratios, carbon and nitrogen isotopic ratios in se-diments and Z. noltei leaves corresponding to the group of watersheds-seagrass meadows systems identified from anthropogenic pressure variables (see Fig. 3 ). Results of mean comparison tests among anthropogenic pressure groups. Sig-nificance levels: n.s. = not significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
narrower range of values found in this study is associated to the fact that the results from the above mentioned reviews only refer to the sediment, a compartment that acts as a sink and shows a lower isotopic fractionation than primary producers. Also, as the sediment of this Table 2 Results from the linear regression models performed for the prediction of N and C stable isotopes in sediment from the rhizospheres and Z. noltei leaves. 0.4930 Table 3 Average δ 15 N ratios ± standard deviation in Z. noltei leaves found in this study and in meadows at the Atlantic European coast. "n.a." indicates not available. study is located at a mono-specific habitat of Zostera noltei, the δ 15 N range might be smaller than a range belonging to a habitat comprising several macrophyte species. δ 15 N values in Z. noltei leaves showed diff erent magnitudes and spatial distribution patterns than in the sediments. As a result, diff er-ences in δ 15 N and δ 13 C between zones characterized by low and high anthropogenic pressure were only significant in the case of the sedi-ments. In this connection, δ 15 N values in Z. noltei and in surface sedi-ments at Lourizán and Arcade were remarkably lower than at the rest of meadows (Fig. 5) . Moreover, average δ 15 N values in Z. noltei leaves in Arcade were among the lowest values reported in the literature (Table 3 ).
The uptake of DIN by Z. noltei is influenced by the relative demand of the plant with respect to the availability of N, the growth season and the relative presence of either NH4 + or NO3 − in the water column and in the sediment pore waters (Lee et al., 2007) . So, these low δ 15 N values could be caused by the supply of 15 N-depleted DIN towards the mea-dows and its further assimilation by Z. noltei. The outfall of the Arcade sewage treatment plant discharges complex nitrogen compounds such as urea and amino acids into the meadow, enhancing bacterial miner-alization and potentially leading to isotopic depletion of the DIN sources assimilated by Z. noltei. Under anaerobic conditions in pore waters, bacteria assimilate preferentially 14 N during the process of or-ganic matter remineralization. The DIN resulting from this process has been shown to have a lower isotopic signature than the assimilated organic matter, resulting in a δ 15 N decrease of ca. 3‰ (Lehmann et al., 2002; Nielsen et al., 2004; Cook et al., 2015) .
Relationship between anthropogenic pressure and C and N isotopic signatures
Significant diff erences in the C and N isotopic signatures of the sediments were found between the two distinct groups of watersheds sampled in this study, which were aggregated from their population and land cover characteristics (see Fig. 6 ). Accordingly, sediments as-sociated with Z. noltei meadows subjected to a relatively high anthro-pogenic pressure showed significantly higher δ 15 N values and sig-nificantly lower δ 13 C than sediments from the rest of the meadows, reflecting higher loads of carbon derived from terrestrial ecosystems and higher loads of anthropogenic nitrogen towards the meadows (Mazumder et al., 2015) . Similar diff erences were not observed, how-ever, in the case of the isotopic signatures of Z. noltei plants (Fig. 6 ).
The negative relationship observed between artificial land coverage and δ 13 C in the sediments suggested that the enhanced human pressure on the watersheds was associated with the input of carbon from ter-restrial origin to the Z. noltei meadows (Craig, 1953) . The expansion of artificial surfaces increases soil imperviousness leading to a reduction or even inhibition of the capacity of natural soils to retain nutrients, thus causing increases in erosion and in surface run-off , resulting in higher terrigenous inputs to estuarine sediments (Kaye et al., 2006; Ruiz-Fernández et al., 2012; Bettez et al., 2015; Reisinger et al., 2016) . Moreover, high rainfall rates that occur between November and Feb-ruary in the NW Iberian Peninsula (www.aemet.es) favour the delivery of organic matter to the rivers and estuaries (Bai et al., 2017) . As expected, changes in artificial land cover were positively related to δ 15 N values in sediments (Table 2 ). These patterns were likely caused by the higher denitrification rates occurring at the more artificialized watersheds, that led to the export of high amounts of animal and human sewage-derived nitrogen enriched in δ 15 N towards estuarine areas (Fry et al., 2003; Bruland and McKenzie, 2010; Darrow et al., 2017; Moor et al., 2017) . Our results show that δ 15 N was not related to agricultural land cover. In the studied zones, agriculture was not intensive, so it was not expected that large amounts of fertilizers were used in this region. Additionally, watersheds with a large coverage of crops do not necessarily produce high nitrogen isotopic values in estuarine sedi-ments and biota (Fry et al., 2003; Watson et al., 2018) .
Our results unexpectedly show that total human population in the watersheds was negatively related with δ 15 N in Z. noltei (Table 2) . Highly populated areas have been suggested to be related to higher nitrogen loads towards the meadows; when this excess of nitrogen is taken up by Z. noltei, preferentially assimilating the lighter isotope 14 N, leads to decreases in tissue δ 15 N (Udy et al., 1999; Kendall et al., 2007) . Thus, the observation of low δ 15 N values in marine macrophytes lo-cated in estuarine areas linked to highly populated watersheds is not new and has been shown by Watson et al. (2018) .
Nonetheless, the negative correlation between population size and δ 15 N in Z. noltei found in this study contrasts with several studies that show a positive response of δ 15 N in marine biota to increases in po-pulation density (Cabana and Rasmussen, 1996; Castro et al., 2007 Castro et al., , 2009 Bannon and Roman, 2008; Bruland and MacKenzie, 2010; McIver et al., 2015; Warry et al. 2016) , and to increases in population size (Kelly et al., 2017) .
The low explained variability of δ 15 N in the sediment as a function of human population can be caused by the contribution of seagrass-derived organic matter to the sediment. Indeed, a relevant fraction of the nitrogen present in seagrass meadows is originated by the decay and decomposition of seagrass leaves (Lee et al., 2007) . So this recycling process, jointly with the inputs of matter into the meadow, can mod-ulate the δ 15 N in the sediments, partially explaining the observed cor-relation between δ 15 N in sediments and in Z. noltei (Román et al., 2018) .
Anthropogenic nitrogen inputs towards Z. noltei meadows can be influenced by other factors not considered in this study. The watershed slope can play an important role in N loads towards estuarine ecosys-tems by enhancing the export of sediments and nutrients from land to sea (Ghadirnejad et al., 2013) . Also, atmospheric deposition of an-thropogenic NOx is a relevant source and it is mirrored in a large range of nitrogen isotopic ratios (Kendall et al., 2007) , but NOx fluxes are small in the Galician region we studied (Gallego et al., 2009) .
Moreover, C and N isotopic ratios and the hydrodynamic char-acteristics of the study sites suggest that δ 15 N signatures found in the Z. noltei meadows are the consequence of a mixture between land derived sources and allocthonous marine nitrogen inputs. All meadows, except Caldebarcos (that is protected from the Atlantic Ocean by the Carnota beach) are located inside rias. Rias are prolonged inlets originated by the inundation of coastal fluvial valleys that are characterized by a positive partially mixed circulation and a higher relative marine in-fluence when compared with freshwater sources (Fraga and Margalef, 1979; Rosón et al., 1999) . Additionally, the coasts of NW Spain receive high amounts of nitrate by wind-driven upwelling of subsurface waters (76% of the total nitrogen inputs , whose δ 15 N signature is c.a. 5‰ (Marconi et al., 2014) .
In the present study, the observed N and C isotopic signatures in Z. noltei meadows from NW Iberian Peninsula reflected the impact of anthropogenic pressures. Nevertheless, these relationships are complex, due to several processes acting simultaneously that potentially hide the expected responses of isotopic signatures to human-driven pressures.
